To study the possible impact of alien introgression on a recipient plant genome, we examined Ͼ6000 unbiased genomic loci of three stable rice recombinant inbred lines (RILs) derived from intergeneric hybridization between rice (cv. Matsumae) and a wild relative (Zizania latifolia Griseb.) followed by successive selfing. Results from amplified fragment length polymorphism (AFLP) analysis showed that, whereas the introgressed Zizania DNA comprised Ͻ0.1% of the genome content in the RILs, extensive and genomewide de novo variations occurred in up to 30% of the analyzed loci for all three lines studied. The AFLPdetected changes were validated by DNA gel-blot hybridization and/or sequence analysis of genomic loci corresponding to a subset of the differentiating AFLP fragments. A BLAST analysis revealed that the genomic variations occurred in diverse sequences, including protein-coding genes, transposable elements, and sequences of unknown functions. Pairwise sequence comparison of selected loci between a RIL and its rice parent showed that the variations represented either base substitutions or small insertion/deletions. Genome variations were detected in all 12 rice chromosomes, although their distribution was uneven both among and within chromosomes. Taken together, our results imply that even cryptic alien introgression can be highly mutagenic to a recipient plant genome.
H
YBRIDIZATION between genetically differentiplayed by hybridization or genome doubling in these genetic and epigenetic changes, and it has been found ated populations plays an important role in plant that in most cases hybridization is the main elicitor genome evolution and can lead to speciation (Ander-(Ozkan et al. 2001; Shaked et al. 2001; Comai et al. son and Stebbins 1954; Stebbins 1959; Grant 1981; 2003; Han et al. 2003; Pontes et al. 2004; Rieseberg 1995; Arnold 1997; RieseWang et al. 2004; Madlung et al. 2005) . It is therefore berg et al. 2003; Seehausen 2004) . Recent studies in expected that wide hybridization may induce similar several plant systems have demonstrated that plant allogenomic changes at the diploid (or homoploid) level, polyploidization, or interspecific/intergeneric hybridialthough the extent of changes that a diploid can tolerzation followed by genome doubling, is often accompaate may be much smaller than that of an allopolyploid, nied by unorthodox genetic and epigenetic changes that owing to the genome-wide redundancy of the latter. transgress Mendelian principles (reviewed in Matzke Indeed, rapid genomic remodeling was detected in dipet al. 1999; Pikaard 2001 ; Rieseberg loid sunflower interspecific hybrids, which has enabled 2001; Finnegan 2002; Levy and Feldman 2002 ; Liu rapid ecological speciation (Rieseberg et al. 1995; Burke and Wendel 2002; Comai et al. 2003; Paterson et al. et al. 2004 ).
2003; Adams and Wendel 2004; Levy and Feldman
Introgressive hybridization (Anderson 1949 (Anderson ), namely, 2004 Madlung and Comai 2004; Soltis et al. 2004) .
wide hybridization followed by repeated backcrossing It has been suggested that these genomic changes may with one of the parental species, usually does not result constitute a stabilizing mechanism essential for the esin instant speciation, but has been an important means tablishment of the incipient allopolyploid as successful for transfer, or for de novo origination, of traits related new species (Ozkan et al. 2001; Adams et al. 2003 Adams et al. , 2004  to adaptation and other genetic diversity in natural plant Adams and Wendel 2005; Feldman and Levy 2005) .
populations (Arnold 2004) . In plant breeding, introStudies on newly synthesized F 1 hybrids and their allogression of uncharacterized DNA segments from a wild polyploid derivatives have enabled dissection of the roles species into a cultivated variety is a commonly used approach. In such practices, emphasis is usually given to the transfer of desired genes (traits) from the donor MATERIALS AND METHODS structural and/or functional features of the recipient genome are largely ignored.
Plant material:
The three rice RILs used in this study, RZ1, During the course of our effort to introduce useful RZ2, and RZ35, were derived from intergeneric hybridization between rice (cv. Matsumae) and a local accession of wild rice genes from a sexually incompatible wild rice species, (Z. latifolia Griseb.) by a novel sexual hybridization approach Zizania latifolia Griseb., into rice (Oryza sativa L.) by a called "repeated pollination" (Liu et al. 1999b; Shan et al. 2005) novel sexual hybridization approach (Liu et al. 1999b;  and followed by successive selfing for 9-11 times (S9-S11). Each Shan et al. 2005) , we observed that the resulting recomof the RILs is phenotypically homogeneous and exhibits heribinant inbred lines (RILs) exhibited a wide range of cated by the absence of additional chromosomes, chro- (Liu et al. 1999b; Shan et al. 2005) . These plant materials are mosomal segments, and gross aberrations (Liu et al. available upon request for research purposes. AFLP analysis: To explore the genomic composition of the 1999b). We therefore suspected that genomic and/or RILs relative to their rice and wild rice parents, we performed epigenomic instability might have been elicited as a standard AFLP analysis (Vos et al. 1995) with minor modificaresult of hybridization and cryptic introgression of the tions as previously described (Liu et al. 2001) . genes and transposon-related sequences (Liu et al. 2004 ).
The reaction was performed at 37Њ for 3 hr. The restriction- printing approach based on amplified fragment length DNA gel-blot analysis: Genomic DNA was isolated from expolymorphism (AFLP) analysis (Vos et al. 1995 evolution and its application in plant breeding. (Shan et al. 2005) . Thus, the amount of integrated ZiTo examine whether the changed AFLP patterns in a set of low-copy fragments (those that could not be validated by gelzania DNA in the RILs was probably even Ͻ0.1%. This blot analysis) resulted from modifications at the restriction result suggests that the high degrees of phenotypic variasites and/or adaptor regions, locus-specific primers were detions in the RILs were not a direct result of the integrasigned on the basis of the available rice (cv. Nipponbare) wholetion of the Zizania DNA; instead, they were likely due genome sequence, which bracketed the regions; to investigate to secondary genome modifications triggered by Zizania the nature of genomic changes at the primary DNA sequence level, sequence-specific primers were designed against a set of DNA introgression.
selected AFLP fragments (within the sequenced regions) using the
Extensive genomic variations occurred in the RILs as
Primer 3 program (available at http:/ /biocore.unl.edu/cgi-bin/ assessed by AFLP analysis: Given the nature of the RILs primer3/primer3_www.cgi) to amplify the genomic sequences.
(which have a complete set of the diploid rice genome
The resulting PCR fragments were cloned and sequenced with a minute amount of genomically integrated Zizania as described above, but for both strands. Pairwise sequence comparisons were conducted at the NCBI website using the DNA) and the codominancy of AFLP markers, it was BLAST2 program and confirmed by visual inspection.
expected that the RILs would contain all or most AFLP bands of the rice parent plus additional bands representing introgressed DNA segments from Zizania, with rare RESULTS deviations (from additivity) occurring at and/or adjacent to the integration sites. It was therefore surprising The rice RILs contain Ͻ0.1% of Zizania DNA: The that, of the ‫0002ف‬ distinct AFLP bands scored for each details for the production of a series of rice lines with RIL, only ‫%07ف‬ were shared with the parental rice line. introgressed traits from the wild rice Z. latifolia Griseb.
The remaining ‫%03ف‬ were either absent in or unique to by the novel approach called repeated pollination and one or more of the RILs, with the loss of parental bands molecular authentication of RILs by Zizania-specific being more frequent than the gain of novel bands for DNA repeats as probes have been described previously all three RILs ( Figure 1 and Table 1 ). The variations (loss (Liu et al. 1999b; Shan et al. 2005) . It is important to or gain of bands) could be grouped into three different note that rice and Z. latifolia are sexually incompatible, types: those being shared by all three RILs, those by two and therefore the so-called F 1 plant is not a conventional lines, and those unique to only one line ( Figure 1 ). hybrid; rather, it is a plant with a normal diploid rice Validation of the AFLP-detected genomic variations genome plus genomically integrated DNA segments from by DNA gel-blot analysis: To confirm that the changing Z. latifolia. The underlying mechanism for introgression patterns in the AFLP gels represent bona fide genomic remains unknown, but it may have similarities to that variations rather than PCR amplification artifacts, we of gene transfer from irradiation-killed pollens observed in tobacco (Pandey 1975) and to that of introgression performed DNA gel-blot analysis on the RILs. Thirty-least 26 of 31 differentiating AFLP bands were confirmed by gel-blot hybridization or sequencing to represent bona fide genomic variations in the RILs. Genomic variations were not caused by parental heterozygosity, cross-manipulation, or pollen contamination: First, parental heterozygosity (although unlikely due to the self-pollinating property of rice and strict precautions taken during the crossing and maintenance of materials) could also result in pattern variations in the introgression lines. To address this possibility, we randomly selected eight individual plants of Matsumae and performed DNA gel-blot analysis using all 17 AFLP clones as probes. We observed perfect monomorphic hybridization patterns among all plants with each of the probes (Figure 3a and data not shown). This confirmed the homozygous nature of the parental rice line and ruled out the possibility that the observed genomic variations in the RILs were caused by parental heterozygosity.
Second, it was possible, although also unlikely, that the genomic variations could be induced by the crossmanipulation per se [i.e., pollination of the emasculated (Liu et al. 1999b) ]. To address this concern, we analyzed nations (from left to right) Eco RI ϩ AAG/Mse I ϩ CAA, two lines (RZ36 and RZ60) that were sibling to the EcoRI ϩ AAG/Mse I ϩ CAG, and Eco RI ϩ AAG/Mse I ϩ CAT, respectively. The arrows, arrowheads, and circles respectively RILs (derived from the same cross) but contained no refer to parental bands disappeared in one or more RILs, evidence of Zizania introgression (Shan et al. 2005) . Gelnovel bands appeared in one or more RILs, and bands putablot hybridization with the 17 AFLP clones mentioned tively from the donor species Z. latifolia.
above gave identical hybridization patterns between the 7 randomly selected individual plants of the two lines and the parental rice cultivar Matsumae (e.g., Figure 4 ). one cloned AFLP fragments, which showed deviations from additivity in the RILs, were randomly selected and This result indicates that the cross-manipulation per se was not responsible for the genomic variations. used to hybridize with EcoRI-or HindIII-digested genomic DNA. These 31 clones were subsequently character-A final concern was accidental pollen contamination from an unknown source. Nonetheless, this was deemed ized by sequence analysis (see below) as representing 10 genic sequences, nine transposon-or retrotransposonextremely unlikely on the basis of the following grounds: First, because the original crossing was performed in an related sequences, and 12 sequences of unknown functions (data not shown).
isolated greenhouse where only the recipient rice parent Matsumae and the Zizania plants were grown (see Hybridization with 17 of the clones (seven genic, four TEs, and six with unknown function) showed clear genomaterials and methods), it was not possible for pollen contamination to occur at the F 1 generation. Second, mic variations between the parental rice line and one or more of the three RILs. Examples of the hybridization because genomic variations occurred in all three studied RILs that were derived from independent F 2 plants, conpatterns with the 17 clones are shown in Figure 2 . Of the 31 clones, 9 did not give differentiating hybridization tamination would have to occur independently in all three RILs to cause the observed variations, which was patterns in either EcoRI or HindIII digests. However, sequence analysis of the nine clones [locus-specific apparently impossible given the precautions taken (see materials and methods). primers used to obtain these segments were designed on the basis of the Nipponbare genomic sequence pubTypes of sequences involved in the genomic variations: To characterize the sequences involved in the gelished at the Gramene (Ware et al. 2002) website (http:/ / www.gramene.org) such that the enzyme restrictions nomic variations in the RILs, we cloned and sequenced 500 AFLP fragments that showed deviation from additivsites and the adaptor regions were included] confirmed that they all contained changes either at the MseI restricity in one or more of the three RILs and obtained highquality sequence reads for 466 clones (sequences availtion sites or in the selective nucleotides of the AFLP primers (see below) and therefore represented genuine able upon request). On the basis of a BlastX analysis performed at the NCBI website, these clones could be genomic variations. The remaining five clones gave a smearing (faint or strong) hybridization pattern in both classified into four categories: 64 clones have homology to known-function genes, 68 are homologous to putative enzyme digests, precluding further analysis. Thus, at protein-coding genes, 97 represent transposon or retroof RIL origin) and used the primers to amplify the corresponding genome regions from both the specific transposons, and the remaining 237 clones show homology to sequences of unknown functions ( Table 2 and RILs (that showed the changes) and the parental rice Matsumae. The resulting PCR fragments were cloned data not shown). This result indicates that nearly onethird of the genomic variations occurred in the coding and sequenced for both strands, and 27 of the 30 clones gave unequivocal sequences that were then used in pairregions of the RILs. This, together with the estimated 30% overall genomic variations ( (RZ36 and RZ60) , siblings to the three RILs (RZ1, RZ2, and RZ35) but with no introgressed DNA from Z. latifolia, as revealed by DNA gel-blot analysis. Hybridization of probe AF206 on HindIII-digested genomic DNA isolated from seven random individual plants (lanes 2-8) from each of RZ36 and RZ60 revealed monomorphic patterns as the rice parent Matsumae (lane 1). Similar results were obtained for all 17 selected AFLP fragments that showed conspicuous genomic variations in one or more of the three RILs (e.g., Figure 2) . substitutions, there are apparently more transitions than However, the distribution is not uniform, in terms of transversions (176 vs. 60). It should be noted that the both the number of clones per chromosome and the overall frequency of nucleotide changes in the entire distribution pattern of clones within a given chromogenome is likely to be Ͻ6.4% because the analyzed sesome. When all three lines are considered, chromosome quences were from genome regions known to have 4 contained the highest mean number of clones (26.3), changes in the RILs on the basis of the AFLP profiles.
followed by chromosome 2 (19.7), with chromosome Nevertheless, the result clearly indicates that cryptic Zi-11 having the least (7.7) ( Table 4) . Taking into account zania DNA introgression has been highly mutagenic to the difference in chromosome length, we calculated the the recipient rice genome.
average density of genomic changes for each chromoTo estimate the overall genomic divergence of the some (the number of changed fragments per megabase RILs from their rice parent, cluster analysis was perof chromosomal DNA). The result (Table 4) shows that formed to measure the genetic distances using the AFLP chromosome 4 contained the highest density of changed markers, and a dendrogram was generated as shown in fragments (0.73/Mb), followed by chromosome 10 (0.55/ Figure 5 . It is estimated that the genetic distances beMb), with chromosome 11 having the lowest density of tween Matsumae and the RILs (RZ1, RZ2, and RZ5) are changed fragments (0.26/Mb). For each of the 12 chro-0.43, 0.45, and 0.46, respectively. This indicates that mosomes, there is a marked differential distribution of cryptic Zizania DNA introgression has resulted in extenthe changed fragments in all the RILs (Figure 6 ). For sive genomic variations that culminated in substantial instance, the region between 21.0 and 26.2 Mb of chrogenome-wide differentiation of the RILs from their pamosome 9 contained no changed sequences, the first rental genotype.
13.0-Mb region had a density of 0.15/Mb, and, in the Chromosomal distribution of genomic variations: To region between 13.0 and 21.0 Mb, the density increased examine whether the genomic variations spread unito 0.88/Mb. This suggests that there have been apparent formly across the genome or whether they tended to hot spots in the chromosomes for introgression-induced exist as clusters in certain regions representing hot genomic variations. In addition, there are differential spots, we mapped all 466 sequenced AFLP clones to the distributions for the types of changed sequences be-12 rice chromosomes based on the International Rice tween chromosomes or between regions of a given chroGenome Sequencing Project (IRGSP) complete genome mosome. For instance, none of the 7-11 changed fragsequence of the japonica rice Nipponbare published at the ments in chromosome 8 of the three RILs represents Gramene (Ware et al. 2002) website (http:/ /www.gramene.
known-function genes. Similarly, none of the 5-14 org). As shown in Figure 6 , for all three RILs, the changes in chromosome 9 of the three RILs corresponds changed sequences distributed in all 12 chromosomes.
to known-function genes or to transposon/retrotransposons. There was a clear regional differential distribution 
DISCUSSION
tion, precaution was taken during the initial production and subsequent maintenance of the RILs to avoid pollen Genomic variations in the RILs are induced by cryptic contamination from other rice cultivars: no other rice Zizania DNA integration: We have previously reported cultivars were allowed to grow in the isolated greenthat introgression of Zizania DNA resulted in significant house where the initial crossing was made. Furthermore, changes in epigenetic states of the rice RIL genome, such as alteration in DNA methylation patterns (Liu et al. 2004 ) and mobilization of transposable elements Shan et al. 2005 ). Here we show that this alien DNA integration also induces more fundamental changes in the recipient rice genome, involving extensive and widespread sequence modifications that affected up to 30% of the genomic loci. This is unorthodox and was unexpected, given the diploid nature of RILs and the small amount (Ͻ0.1%) of integrated Zizania DNA. Nonetheless, evidence from our experiments is compelling. We analyzed a total of Ͼ6000 loci in the three RILs using AFLP and validated the because each RIL was derived from an independent F 2 phenotypically homogeneous by the ninth selfed generation (Liu et al. 1999b) , we suspect that all the genomic plant, all showed genomic variations (Figures 1 and 2 ; Table 1), which argues against possible pollen convariations are currently stabilized and homogeneous. Indeed, DNA gel-blot analysis of six randomly selected tamination during the maintenance stages (see results). That integration of Zizania DNA has been the individuals from two more consecutive generations (S10 and S11) gave monomorphic hybridization patterns for inducer of genomic variations is further supported by AFLP analysis of an independently produced asymmeteach of the three RILs with all 17 AFLP probes ( Figure 3b and data not shown), confirming the stabilization of ric somatic nuclear hybrid (SH6) between a different recipient rice genotype (Zhonghua 8) and Z. latifolia, the variations. The observation that a large fraction of the genomic which shows that the hybrid line contains a small amount of Z. latifolia DNA (Liu et al. 1999a ) but extenvariations are shared by two or all three RILs (Figures 1,  2 , 6, and quantitatively diagrammed in Figure 7 ) sugsive genome-wide changes that cannot be attributable to the protoplast isolation and tissue culture process gests that the changes occurred at the very early stages, probably during the first or a few cell divisions of the (X. H. Shan, Z. L. Liu and B. Liu, unpublished data) .
Current stability of the genomic variation in the RILs F 1 hybrid zygote, and thereafter remained largely static and were transmitted through Mendelian segregation and timing of their occurrence: Because the RILs are upon selfing. We tested this possibility theoretically uspendently synthesized F 1 hybrids (Ozkan et al. 2001; Shaked et al. 2001; Han et al. 2003; . Secing the following calculations: Assuming that all the genomic variations (including those not shared by the ond, the changes in the rice RILs are predominantly base substitutions and small indels, while those in TritiRILs) occurred at early developmental stages of the F 1 hybrid and were independently inherited, the probabilceae are mainly physical deletions of relatively large genome segments (Ozkan et al. 2001; Shaked et al. 2001) . ity for a progeny or RIL to receive a given variation (a heterozygous locus) should be 1/2, and by extension, In fact, both the nature and the extent of the genomic variations in the rice RILs relative to their parental cultithe probability for all three RILs to have a particular variation is (1/2) 3 . Among the ‫0002ف‬ scored bands, we var Matsumae, at the nucleotide sequence level are rather similar to those found between the two rice subdetected a total of 173 variations that are shared by all three RILs (Figure 7) . Thus, the expected number of species, japonica and indica (Edwards et al. 2004; Feltus et al. 2004; Ma and Bennetzen 2004) , thus further pointvariations that occurred in the F 1 hybrid is 1384 (173 ϫ 8), and hence, 692 (1384/2) in each of the homologous ing to the extensiveness of genomic divergence of the RILs from their original parental genotype. RILs. Statistical analysis indicates that this value is not significantly different from the actual mean number of Given the characteristics of the genomic variations in the rice RILs (genome-wide occurrence, representing variations detected for each RIL, which is 641 [(583 ϩ 654 ϩ 686)/3] (Table 2 and Figure 7) , thus supporting diverse kinds of sequences and characterized by base substitutions and small indels), it is possible that they are the notion that genomic variations occurred at very early stages subsequent to introgression. the consequence of certain stochastic "mutator" effects, Possible causes for the genomic variation: The mechanism by which Zizania DNA introgression induced extensive genomic variations in the rice genome is presently unknown. It is unlikely that the variations were caused by conventional or unorthodox meiotic recombination of homeoalleles (e.g., Osborn et al. 2003; Udall et al. 2005) between rice and Zizania, because even at the F 1 hybrid stage, the plant was found to have normal diploid rice chromosomes with no additional chromosomes or chromosomal segments. The mechanism may bear resemblance to those responsible for the genomic changes detected in several nascent interspecific F 1 hybrids of Triticeae (Ozkan et al. 2001; Shaked et al. 2001; Han et al. 2003; . However, we have noted that two features distinguish the genomic variations in are often nonrandom and reproducible among inde-directly transferred from Zizania and/or activated by and induced extensive and genome-wide de novo variations affecting up to 30% of the genomic loci in the rice RILs. Zizania DNA introgression. In this respect, possible enhanced activities of some mobile genetic elements (transAlthough this specific introgression was accomplished artificially, it is conceivable that the simple process of posons and retrotransposons) could be one of the causes for the genomic changes. Although no direct transposi-"repeated pollination" (Liu et al. 1999b; Shan et al. 2005) , used to construct the RILs, may occur under natural cirtional events were found among the sequenced AFLP fragments, many of the affected sequences are transpocumstances. Thus, our findings may have implications for introgression-facilitated genome evolution and speson or retrotransposon related (Table 2) . Moreover, our previous work has shown that both a copia-like retrociation. It is possible that a key role of introgressive hybridization is to generate extensive stochastic genotransposon (Tos17) and members of a MITE family (mPing/ Pong) are mobilized in these RILs (Liu and Wendel mic and epigenomic variations that can be translated into phenotypic novelties and upon which natural selec-2000; Shan et al. 2005) , thus strengthening the possibility that transpositional activation of quiescent mobile tion may act. In this regard, we have noted that the rice RILs showed a wide range of phenotypic features, elements was a cause for the introgression-induced genomic variations. Another possibility is that alien introincluding traits (e.g., changes in flowering time, fertility, and disease tolerance) that are relevant to adaptation. gression might have temporally titrated the activities of DNA repair enzymes and/or compromised the fidelity Our current and previous (Liu et al. 2004; Shan et al. of DNA replication and/or cellular repair systems, which 2005) studies also have implications for the underlywould undoubtedly result in various types of genomic ing mechanism(s) by which novel transgressive traits variations Greig et al. 2003) . A final are expressed (Devicente and Tanksley 1993) in wide consideration is that the genomic structural variations hybridization-derived breeding materials. It is likely that may be directly related to, or even coupled with, the some of these novel traits are the result of introgressionalterations in DNA methylation patterns induced by Ziinduced genetic or epigenetic variations. Further studzania introgression in these lines (Liu et al. 2004) and ies are needed to examine whether or not the introgreshence to changes in chromatin structures. Conceivably, sion-induced changes are a widespread phenomenon and the disruption of intrinsic chromatin states by alien DNA to understand the mechanisms by which these changes insertion could affect genomic stability in myriad ways are induced. 
